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Full-length cloned cDNAs of lettuce infectious yellows closterovirus (LIYV) RNAs 1 and 2 were constructed and fused to
the bacteriophage T3 RNA polymerase promoter. To assess RNA replication, Nicotiana benthamiana protoplasts were
inoculated with LIYV virion RNAs and LIYV cDNA-derived in vitro transcripts. Analysis of protoplasts inoculated with LIYV
virion RNAs or capped (m7GpppG) in vitro transcripts from LIYV RNA 1 and 2 cDNAs showed accumulation of LIYV genomic
and putative subgenomic RNAs (sgRNAs), synthesis of LIYV coat protein, and formation of LIYV virions. Furthermore,
protoplasts inoculated with only capped in vitro transcripts from LIYV RNA 1 cDNA showed accumulation of LIYV RNA 1
and its putative sgRNA, indicating that LIYV RNA 1 can replicate in the absence of LIYV RNA 2. Conversely, accumulation
of LIYV RNA 2 was not detectable in protoplasts inoculated with only LIYV RNA 2 cDNA-derived capped in vitro transcripts.
These data demonstrate that LIYV genomic RNAs are competent for replication in mesophyll protoplasts and that infectious
in vitro transcripts can be derived from the cloned cDNAs of a closterovirus genome. q 1996 Academic Press, Inc.
INTRODUCTION long filamentous virions, phloem tropism, and obligatory
insect transmission have hindered the study of clostero-
Closteroviruses are widespread and economically im- virus molecular biology. Only recently have the complete
portant pathogens affecting a variety of plants, including nucleotide sequences of three closterovirus genomes
many woody perennial (e.g., citrus and grapes) and her- [beet yellows closterovirus, (BYV; Agranovsky et al.,
baceous (vegetables and sugarbeets) crop plants (for 1994), lettuce infectious yellows closterovirus (LIYV;
reviews, see Coffin and Coutts, 1993, and Dolja et al., Klaassen et al., 1995), and citrus tristeza closterovirus
1994). In addition, closteroviruses display several distinct (CTV; Karasev et al., 1995)] been determined. These data
biological traits when compared to most other plant vi- further support the relative complexity of closteroviruses,
ruses. First, closteroviruses are distinguished from other demonstrating that their genomes are unique in both the
rod-shaped plant viruses by their long (700–2000 nm), quantity and quality of genetic material they contain. The
highly flexuous and filamentous virions (Tollin and Wil- LIYV, BYV, and CTV genomes are the largest (15,311,
son, 1988). Second, closteroviruses are generally not me- 15,480, and 19,296 nucleotides, respectively) of all posi-
chanically transmissable, but are transmitted from plant- tive-sense single-stranded RNA (ssRNA) plant viruses
to-plant only by specific phloem-feeding insect vectors sequenced to date. Among positive-sense ssRNA viruses
in a semipersistent manner (Falk and Duffus, 1988; Mur- in general, only animal viruses of the Coronaviridae have
ant et al., 1988). As a group, closteroviruses are transmit- genomes similar in size to these three closteroviruses
ted by a variety of insect vectors, including aphids, white- (Candresse and Martelli, 1995). Computer-assisted anal-
flies, and mealybugs. Third, unlike most plant viruses, yses of the BYV, LIYV and CTV genomes have identified
closterovirus replication and movement is generally con- two conserved gene modules. The first or core module
fined to plant host phloem cells (Murant et al., 1988; is conserved throughout viruses in the alphavirus super-
Candresse and Martelli, 1995). Within phloem cells, group (Koonin and Dolja, 1993) and encodes putative
closterovirus virions accumulate to form diagnostic parti- products whose deduced amino acid sequences include
cle aggregates (Lesemann, 1988). In addition, specific the principal replicative domains [methyltransferase
intracellular inclusions such as small cytoplasmic vesi- (MET), helicase (HEL), and RNA-dependent RNA poly-
cles are often characteristic of closterovirus infection merase (RDRP); Agranovsky et al., 1991a, 1994; Klaassen
(Lesemann, 1988). et al., 1995; Karasev et al., 1995)]. The second gene mod-
Closterovirus-specific characteristics, including their ule is unique to the closteroviruses and includes genes
encoding a small hydrophobic protein, a HSP70 homo-
logue, a protein with a Mr of approximately 60,000, a1 To whom correspondence and reprint requests should be ad-
dressed. diverged copy of the coat protein, and the coat protein
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(Dolja et al., 1994). While this second module is so far MATERIALS AND METHODS
closterovirus-specific, the presence of genes encoding
Construction of full-length LIYV RNA 1 and 2 cDNA
a HSP70 homologue and a diverged copy of the coat
clones
protein are most notable. Closteroviruses are the only
viruses (of plants or animals) known to encode a HSP70 Reverse transcription and polymerase chain reactions
(PCR; Saiki et al., 1988) were used to synthesize andhomologue (Agranovsky et al.,1991a,1991b), even though
HSP70 proteins (commonly referred to as molecular amplify cDNA representing the 5*-terminal region of LIYV
RNA 1 and full-length LIYV RNA 2 as shown in Fig. 1.chaperones) are ubiquitous proteins and are found in all
types of cells from prokaryotes to eukaryotes (for a re- Purified LIYV virion RNAs (ca. 100 ng; Klaassen et al.,
1994) and oligonucleotide Rmm502 (5*-TCAGCAAAG-view, see Rothman, 1988). Karasev et al. (1992) demon-
strated that the BYV-encoded HSP70 homologue binds ACGTCGAGCCA-3*, complementary to LIYV RNA 1 nu-
cleotides 1130–1149) were heated at 807 for 5 min inmicrotubules in vitro, a property shared with some cellu-
lar HSP70s (Green and Liem, 1989). This supports the moloney murine leukemia virus reverse transcriptase (M-
MLV RT; BRL) buffer and then incubated at 577 for 45 min.suggestion that the viral-encoded HSP70 may mediate
the transport of virus-specific ribonucleoproteins (Agra- M-MLV RT was used according to the manufacturer’s
protocol to synthesize LIYV RNA 1 cDNA correspondingnovsky et al., 1991b). In addition to the unique viral-en-
coded HSP70 homologue, closteroviruses are the only to nucleotides 1–1149. One-fifth of the first strand cDNA
reaction was used in combination with a second oligonu-RNA plant viruses with elongated particles known to en-
code a diverged copy of the coat protein (Boyko et al., cleotide, Rmm501T3 [5*-AACTGCAGAATTAACCCTCAC-
TAAAGGTAAAGTTATACATTTACC-3*, including a PstI1992). Agranovsky et al. (1995) recently demonstrated
that the BYV-diverged coat protein is located in a 75-nm site (bold nucleotides), the bacteriophage T3 RNA poly-
merase promoter (T3 promoter) sequence (nucleotidessegment at one end of the 1370-nm filamentous virion.
Thus, closterovirus virions, unlike other filamentous viri- in italics), and the twenty 5*-terminal nucleotides of LIYV
RNA 1 (nucleotides underlined)], Rmm502, and PCR toons of plant viruses, have a morphologically polar struc-
ture composed of two coat proteins. synthesize and amplify double-stranded cDNA repre-
senting the 5*-terminal 1149 nucleotides of LIYV RNA 1The functional significance of large closterovirus ge-
nomes or the biological roles of the HSP70 homologue (PCR 5*, Fig. 1A). The amplified product was purified
using Qiaquick Spin Columns (Quiagen), digested withand the diverged copy of the coat protein cannot be
determined until a suitable genetic system is developed. PstI and HindIII and subcloned into the PstI–HindIII sites
of pSP55 (Klaassen et al., 1995) to obtain a full-lengthThe availability of infectious in vitro transcripts from the
cloned cDNA of viral RNAs has facilitated defining gene copy of LIYV RNA 1 cDNA fused to the T3 promoter
sequence. All plasmids were transformed into Esche-function by using a mutagenesis and reverse genetics
approach (for a review on infectious transcripts of RNA richia coli DH5a. One clone, pSP9/55 (Fig. 1A), was se-
lected for in vitro transcription reactions and subsequentviruses, see Boyer and Haenni, 1994). As a genetic sys-
tem, the LIYV genome has several advantages over the analysis in protoplasts.
To synthesize full-length LIYV RNA 2 cDNA, purifiedBYV and CTV genomes. First, the LIYV genome is bipar-
tite, consisting of LIYV RNAs 1 (8118 nucleotides) and 2 LIYV virion RNAs (ca. 100 ng) were denatured with 10
mM methylmercuric hydroxide for 10 min at room temper-(7193 nucleotides; Klaassen et al., 1995). The relatively
smaller size of the two LIYV RNAs, compared to the large ature. First strand cDNA was synthesized using oligonu-
cleotide Rmm501 [5*-ATAAGAATGCGGCCGCGGTCT-monopartite RNA genomes of BYV and CTV, will facilitate
cloning full-length cDNA and synthesizing in vitro tran- AGTATACGAGATACA-3*, including a NotI site (nucleo-
tides in bold) and complementary to the 20 3*-terminalscripts. Second, the putative principal replicative proteins
are encoded in LIYV RNA 1 while the gene module nucleotides of LIYV RNA 2 (nucleotides underlined)], and
Superscript II RNase H0 Reverse Transcriptase (BRL)unique to closteroviruses is included in LIYV RNA 2
(Klaassen et al., 1995). The separation of these two gene according to the manufacturer’s recommendations. One-
half of the first-strand cDNA reaction was used in combi-modules will facilitate further analyses aimed at de-
termining what products are necessary for LIYV RNA 1 nation with a second oligonucleotide, Rmm502T3 [5*-
TGCAGAGCTCAATTAACCCTCACTAAAGGTAATCACand 2 replication.
In this paper, we report the construction of clones AATTACCATTG-3*, including a SstI site (nucleotides in
bold), T3 promoter sequence (nucleotides in italics), andwhich contain full-length cDNA copies of LIYV RNAs 1
and 2. We have determined that LIYV virion RNAs and the twenty 5*-terminal nucleotides of LIYV RNA 2 (nucleo-
tides underlined)], Rmm501, and the Expand Long Tem-LIYV cDNA-derived in vitro transcripts replicate efficiently
and are encapsidated in Nicotiana benthamiana proto- plate PCR System (Boehringer Mannheim) to synthesize
and amplify double-stranded cDNA of LIYV RNA 2 ac-plasts. In addition, we have used the infectious tran-
scripts to assess the independent replication of LIYV cording to the manufacturer’s recommendations. The am-
plified product was purified using Qiaquick Spin ColumnsRNAs 1 and 2 in protoplasts.
AID VY 8026 / 6a1b$$$262 07-16-96 15:43:40 vira AP: Virology
171INFECTIOUS TRANSCRIPTS OF LIYV RNAs 1 AND 2
(Quiagen), digested with SstI and NotI and ligated into minal 938 and 1082 nt of LIYV RNAs 1 and 2, respectively.
Positive-sense DIG-labeled RNA probes were generatedSstI–NotI-digested pSPORT-1 (BRL) to obtain a full-
length copy of LIYV RNA 2 cDNA fused to the T3 promoter using T3 RNA polymerase and linearized cDNA clones.
The resulting probes were identical to the 5*-terminalsequence. All plasmids were transformed into E. coli
DH5a. One clone, pSP6 (Fig. 1B), was selected for in 1064 and 1699 nt of LIYV RNAs 1 and 2, respectively.
To detect newly synthesized LIYV coat protein, proto-vitro transcription reactions and subsequent analysis in
protoplasts. plasts were pelleted by centrifugation (1310 g) 48 hr post-
inoculation and disrupted by boiling in 11 Laemmli load-The above cloning strategies were designed to place
the T3 promoter sequence immediately upstream of LIYV ing buffer (Laemmli, 1970) for 5 min. Proteins were sepa-
rated by SDS–PAGE (Laemmli, 1970) and transferred toRNA 1 and 2 cDNAs. The addition of nonviral sequences
at the 5*-termini of LIYV RNA 1 and 2 cDNAs was unnec- nitrocellulose membranes for immunoblot analysis (Bur-
nett, 1981). Blots were probed with antiserum to LIYVessary because the two 5*-terminal nucleotides of LIYV
RNAs 1 and 2 (GG; Klaassen et al., 1955) correspond purified virions (Klaassen et al., 1994) and serological
reactions were detected using ECL Immunodetectionwith the /1 and /2 initiation sites required for efficient
transcription by T3 RNA polymerase (Fig. 1C; Bailey et (Amersham) according to the manufacturer’s recommen-
dations.al., 1983). In vitro transcripts are predicted to have 5*-
termini identical to LIYV RNA 1 or 2, and two nonviral LIYV virus particles were detected in crude protoplast
extracts by transmission electron microscopy. Proto-nucleotides at the 3*-termini (Fig. 1C).
plasts were pelleted by centrifugation (1310 g), resus-
In vitro transcription pended in TE (10 mM Tris–HCl, pH 7.4, 1 mM EDTA)
and ground with a plastic-tipped pestle. The grindateCapped transcripts were synthesized from NotI-linear-
was diluted 1:50 in 2% phosphotungstic acid and appliedized pSP9/55 and pSP6 using the T3 mMessage
to formar-coated electron microscope grids. Grids weremMachine kit (Ambion). The final cap analog [m7(5*)-
viewed with a Zeiss CEM 902 electron microscope.Gppp(5*)G]:GTP ratio was adjusted to 2.0:1. Uncapped
transcripts were synthesized using NotI-linearized pSP9/
RESULTS55 or pSP6 and the T3 MEGAscript kit (Ambion). Follow-
ing transcription, RNAs were analyzed on 0.8% nondena- cDNA cloning and in vitro transcription of full-length
turing agarose gels in 0.51 TAE (40 mM Tris–HCl, pH LIYV RNAs 1 and 2
7.9, 2.5 mM sodium acetate, 0.5 mM EDTA). Transcripts
were stored at 0707 or treated with DNase to remove LIYV RNA 1 full-length cDNA clones were constructed
the template DNA, extracted with phenol/chloroform, and by adding the 5*-terminal nucleotides to pSP55 as shown
recovered by ethanol precipitation. in Fig. 1A. However, we could not easily construct a full-
length LIYV RNA 2 cDNA clone from existing clones, even
Preparation and infection of N. benthamiana though they represented most of LIYV RNA 2 (Klaassen
protoplasts et al., 1995). Therefore, new full-length cDNA was synthe-
sized using primers Rmm501 and 502T3, and RT-PCRThe methods used for N. benthamiana protoplast isola-
(Fig. 1B). The synthesis of full-length LIYV RNA 2 cDNAtion and inoculation were as described by Jones et al.
was facilitated by denaturing LIYV virion RNAs with 10(1990) and Scholthof et al. (1993). Inoculations were per-
mM methylmercuric hydroxide before first strand cDNAformed using 5 mg purified LIYV virion RNAs or 10 mg in
synthesis; the majority of resulting cDNA was full-lengthvitro transcripts of linearized pSP9/55 and/or pSP6 per
as determined by denaturing agarose gel electrophore-4.0 1 105 protoplasts.
sis (data not shown). In addition, cloning full-length LIYV
RNA 2 cDNA was facilitated by amplifying cDNAs usingAnalysis of inoculated protoplasts
PCR. Analysis of PCR products by gel electrophoresis
Protoplasts were pelleted by centrifugation (1310 g) demonstrated that the majority of amplified DNA was ca.
and RNA was isolated using TRI Reagent (MRC) ac- 7200 bp, the expected size of full-length LIYV RNA 2
cording to the manufacturer’s recommendations. Total cDNA (data not shown). Approximately 10% of the re-
RNAs were denatured with glyoxal, separated by agarose sulting recombinant colonies contained plasmids with
gel electrophoresis, and transferred to Hybond N (Amer- full-length LIYV RNA 2 cDNA.
sham) as previously described (Klaassen et al., 1994).
Immobilized LIYV RNA was detected by hybridization Bioassays for LIYV RNAs and in vitro transcripts
with DIG-labeled RNA probes (Boehringer Mannheim)
according to the manufacturer’s recommendations. Neg- Because LIYV is not mechanically transmissable to
plants, we used a protoplast system for LIYV replicationative-sense DIG-labeled RNA probes were generated us-
ing SP6 RNA polymerase and linearized cDNA clones. studies. Initial analyses were done using protoplasts
made from a Nicotiana tabacum suspension cell cultureThe resulting probes were complementary to the 3*-ter-
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(Passmore et al., 1993; Sanger et al., 1994) and inocu-
lated with LIYV virions and virion RNA. However, we were
only able to detect the accumulation of positive- and
negative-sense LIYV RNA 1 (Klaassen et al., 1995). If LIYV
RNA 2 was accumulating, it was to levels below our
detection limit. Since N. tabacum is not reported to be a
host for LIYV (Duffus et al., 1986), we further assessed the
replication of LIYV RNAs 1 and 2 in mesophyll protoplasts
prepared from N. benthamiana plants, a systemic host
for LIYV. Northern blot analyses of extracts from N. ben-
thamiana protoplasts inoculated with LIYV virion RNAs
showed the accumulation of both negative- and positive-
sense LIYV RNAs 1 and 2, and putative subgenomic
RNAs (sgRNAs; Fig. 2A, lanes 2 and 4). LIYV RNAs 1 and
2 were never detected in mock-inoculated protoplasts
(data not shown).
Since the above results indicated that both LIYV RNAs
1 and 2 replicated efficiently in N. benthamiana proto-
plasts, we used these protoplasts to assay LIYV RNA 1
and 2 cDNA-derived in vitro transcripts. Northern blot
analyses of extracts from protoplasts inoculated with
capped in vitro transcripts from pSP9/55 and pSP6
showed the accumulation of negative- and positive-
sense LIYV RNAs 1 and 2 and putative sgRNAs (Fig.
2B, lanes 2 and 4). In addition, there were no obvious
differences in the intensity and pattern of the hybridiza-
tion signals produced in extracts from protoplasts inocu-
lated with the LIYV cDNA-derived transcripts (Fig. 2B,
lanes 2 and 4) or purified LIYV virion RNAs (Fig. 2A, lanes
2 and 4). Thus, capped in vitro transcripts from pSP9/55
and pSP6 were infectious when inoculated together into
N. benthamiana protoplasts and LIYV-specific RNAs ac-
cumulated to similar levels when LIYV virion RNAs were
used as inoculum. We were not able to detect accumula-
tion of negative- and positive-sense LIYV RNAs 1 or 2 or
putative sgRNAs when uncapped transcripts were used
as inocula (data not shown). Therefore, all further experi-
FIG. 1. Genome organization and construction of full-length cDNAs ments described were performed with capped in vitro
of lettuce infectious yellows closterovirus (LIYV) RNAs 1 (A) and 2
transcripts.(B). Numbered lines represent nucleotide coordinates, beginning
Although LIYV RNA 1 encodes the putative principalfrom the 5*-terminus for each RNA. Open rectangles depict open
reading frames (ORFs) which are identified by conserved domains replicative proteins (ORFs 1a and 1b; Fig. 1A), it is con-
(P-PRO, papain-like protease; MTR, methyltransferase; HEL, RNA ceivable that additional replication-associated proteins
helicase; RDRP, RNA-dependent RNA polymerase; HSP70, HSP70 may be encoded within RNA 2. The closterovirus-en-
homologue; CP, LIYV coat protein; p52, duplicated diverged coat
coded HSP70 homologue has been proposed to play aprotein) or approximate molecular weights of putative products (p32,
possible role in the assembly of multisubunit complexesp5, p59, p9, and p26). Hatched rectangles below the LIYV RNAs
represent PCR products and cDNA clones. The oligonucleotides for genome replication and/or sgRNA synthesis (Dolja et
used in cDNA synthesis and PCR are represented by horizontal al., 1994). However, our initial analysis of LIYV replication
arrows. The RNA promoter sequence used for in vitro transcription in N. tabacum protoplasts suggested that LIYV RNA 1
reactions and the restriction endonuclease sites used in cloning are
could replicate independently of RNA 2, at least in proto-indicated: T3, bacteriophage T3 RNA polymerase promoter se-
plasts. Even so, we could not rule out the possibility thatquence; P, PstI; H, HindIII; S, SstI; and N, NotI. (C) Comparison of
the 5*-termini of LIYV genomic RNAs 1 and 2 with the bacteriophage LIYV RNA 2 was replicating at very low levels since LIYV
T3 RNA polymerase promoter sequence (italicized) of cDNA clones virions and virions RNAs were used as inoculum in these
pSP9/55 and pSP6, and the 3*-termini of LIYV genomic RNAs 1 and studies. To attempt to determine if LIYV RNA 1 could
2 with the 3*-termini of corresponding in vitro transcripts. The arrow
replicate independently of RNA 2, we inoculated proto-depicts the transcription start site on the cDNA clones. GC indicates
plasts with in vitro transcripts from pSP9/55 or pSP6 sep-the two nonviral nucleotides (from a NotI site) at the 3*-termini of
LIYV RNA 1 and 2 in vitro transcripts. arately. Northern blot analyses of extracts from proto-
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FIG. 2. Northern blot hybridization analysis of denatured total RNAs extracted from Nicotiana benthamiana protoplasts inoculated with (A)
purified lettuce infectious yellows closterovirus (LIYV) virion RNAs 1 and 2 and capped in vitro transcripts of: (B) pSP9/55 and pSP6, (C)
pSP9/55, and (D) pSP6. Northern blots were hybridized with DIG-labeled RNA probes to detect positive (/)- or negative (0)-sense LIYV RNA
1 (lanes 1 and 2) or 2 (lanes 3 and 4). Total RNAs were extracted from protoplasts 0.5 hr (lanes 1 and 3) and 48 hr (lanes 2 and 4)
postinoculation. Each lane includes RNA from ca. 50,000 protoplasts. Inoculum RNAs (50 ng; ln) and total RNAs from LIYV-infected plants
(2 mg; T) are included as standards. The positions of positive (/g)- and negative (0g)-sense LIYV genomic RNAs and putative subgenomic
RNAs (sg; see Klaassen et al., 1995) are indicated in (A).
plasts inoculated with pSP9/55-derived in vitro tran- No LIYV coat protein was detected in extracts from mock-
inoculated protoplasts (Fig. 3A, lane 1) or in protoplastsscripts showed the accumulation of negative- and
positive-sense LIYV RNA 1 and the putative LIYV RNA inoculated with only pSP9/55-derived in vitro transcripts
(Fig. 3A, lane 3). In addition, no LIYV coat protein was1 sgRNA (Fig. 2C, lane 2). In addition, the intensity
and pattern of the hybridization signals detected in
extracts of protoplasts inoculated with only pSP9/55-
derived in vitro transcripts were similar to those de-
tected in protoplasts inoculated with purified LIYV vi-
rion RNAs (Fig. 2A, lane 2), or with pSP9/55- and 6-
derived in vitro transcripts (Fig. 2B, lane 2). Thus, LIYV
RNA 1 can replicate in protoplasts in the absence
of LIYV RNA 2, and the level to which LIYV RNA 1
accumulates at 48 hr postinoculation is not obviously
different whether LIYV RNA 2 is present or absent. We
were not able to detect accumulation of positive- or
negative-sense LIYV RNA 2 in protoplasts inoculated
with only pSP6-derived in vitro transcripts (Fig. 2D,
lane 4). Taken together, these data suggest that the
replication of LIYV RNA 2 occurs primarily via LIYV
RNA 1-encoded proteins.
FIG. 3. Detection of lettuce infectious yellows closterovirus (LIYV)-
encoded coat protein and LIYV virions in Nicotiana benthamiana proto-
Accumulation of LIYV coat protein and virions in plasts. (A) Immunoblot analysis of soluble proteins extracted from N.
protoplasts benthamiana protoplasts which had been mock-inoculated (lane 1) or
inoculated with capped in vitro transcripts of: pSP9/55 and pSP6 (lane
After determining that LIYV cDNA-derived in vitro tran- 2), pSP9/55 (lane 3), or pSP6 (lane 4). Each lane includes protein from
ca. 40,000 protoplasts. Total proteins extracted from LIYV-infected N.scripts were competent for replication in N. benthamiana
benthamiana plants (T) are included as a standard. The position of theprotoplasts, we examined protoplasts for LIYV-encoded
LIYV coat protein is indicated by the arrow at the right. (B) A viruscoat protein and virus particles. Immunoblot analysis of
particle from crude extracts of protoplasts inoculated with capped in
protoplasts inoculated with pSP9/55 and pSP6-derived vitro transcripts of pSP9/55 and pSP6. Protoplast extracts were stained
in vitro transcripts demonstrated that LIYV coat protein with 2% phosphotungstic acid and visualized by transmission electron
microscopy. The size marker (bar) indicates 82 nm.was detectable at 48 hr postinoculation (Fig. 3A; lane 2).
AID VY 8026 / 6a1b$$$263 07-16-96 15:43:40 vira AP: Virology
174 KLAASSEN ET AL.
detected in protoplasts inoculated with only pSP6-de- replication in N. benthamiana protoplasts. However, we
cannot eliminate the possibility that the HSP70 homo-rived in vitro transcripts (Fig. 3A, lane 4), even though
this transcript possesses the coat protein coding se- logue may be required for in trans replication of LIYV
RNA 2. For the bipartite cowpea mosaic comovirusquence (Fig. 1B, ORF 5). Thus, LIYV coat protein was
only produced in protoplasts where LIYV RNA 2 was (CPMV) RNAs, the in trans replication of CPMV M-RNA
(by B-RNA encoded proteins) is dependent on the trans-replicated. When crude extracts of protoplasts inoculated
with pSP9/55 and pSP6-derived in vitro transcripts were lation of the M-RNA encoded 58K protein (Holness et al.,
1989; Van Bokhoven et al., 1993).viewed by transmission electron microscopy, typical LIYV
virus particles were detected (Fig. 3B). These particles, We have not yet tested the LIYV cDNA-derived tran-
scripts in whole plants. LIYV is phloem-limited within itsscattered and never in groups, were indistinguishable
from particles observed in protoplasts inoculated with plant host (Hoefert et al., 1988) and is only transmitted
to plants in a semipersistent manner by the sweet potatopurified LIYV virion RNAs (data not shown). No virus parti-
cles were observed in mock-inoculated protoplasts or in whitefly, Bemisia tabaci (Duffus et al., 1986). However,
LIYV does replicate efficiently and assembles into virionsprotoplasts inoculated with only pSP9/55-derived in vitro
transcripts. These observations indicate that complete in mesophyll protoplasts, a property also exhibited by
the phloem-limited, obligately vector-borne luteoviruses.virion assembly occurred after inoculation of N. ben-
thamiana protoplasts with pSP9/55 and pSP6-derived in Sanger et al. (1994) demonstrated that beet western yel-
lows luteovirus (BWYV) virions can be aquired in vitrovitro transcripts.
by aphid vectors from BWYV-infected protoplasts and
subsequently transmitted to plants. Our initial attemptsDISCUSSION
to use this approach with B. tabaci and protoplasts inocu-
lated with LIYV virion RNAs and in vitro transcripts wereTo date, infectious in vitro transcripts have been syn-
thesized from cloned cDNAs for a wide range of unre- not successful and indeed, this approach may not be
possible with LIYV. In contrast to the circulative-nonprop-lated positive-sense ssRNA viruses. However, the infec-
tious in vitro transcripts of LIYV RNAs 1 and 2 are the agative-transmitted luteoviruses, other semipersistent
vector-borne viruses cannot be acquired as purified viri-first representing a closterovirus genome. This is note-
worthy for several reasons. First, closterovirus genomes ons and vector-transmitted back to plants (Hunt et al.,
1988). However, agroinfection (Leiser et al., 1992) is aare large (15,311 to 19,296 nt). Although the potential to
make cDNA copies of large RNA genomes has increased probable alternative to whitefly transmission for introduc-
ing infectious transcripts into plants.due to the development of DNA-synthesizing enzymes
with greater polymerizing capabilities and higher fidelity, Closteroviruses such as LIYV are unique among the
plant viruses in both the quantity and quality of geneticobtaining infectious in vitro transcripts from these large
cloned cDNAs is still potentially problematic. Point muta- material composing their genomes, suggesting that they
utilize novel means to complete their phloem-limited lifetions introduced by low-fidelity RNA polymerases during
in vitro transcription (Kuhn et al., 1990) might render cycle. In turn, how closteroviruses use their extensive
genetic information to cause plant disease are importantthese transcripts noninfectious. Infectious transcripts
have been generated from cloned cDNAs corresponding questions which must be answered in order to develop
more effective means for controlling the widespread andto the genomes of the plant-infecting potyviruses and the
animal-infecting alphaviruses (Boyer and Haenni, 1994) economically important diseases they cause. The avail-
ability of infectious in vitro transcripts representing thebut these genomes are still ca. 40 and 25%, respectively,
smaller than the LIYV genome. LIYV genome will enable us to begin to answer these
questions.Second, the presence of a gene encoding a HSP70
homologue is a hallmark of the closterovirus genome.
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